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Etching characteristics of tantalum (Ta) masks used in magnetoresistive random-access memory
etching processes by carbon monoxide and ammonium (CO/NH3) or methanol (CH3OH) plasmas
have been examined by mass-selected ion beam experiments with in-situ surface analyses. It has
been suggested in earlier studies that etching of magnetic materials, i.e., Fe, Ni, Co, and their
alloys, by such plasmas is mostly due to physical sputtering and etch selectivity of the process
arises from etch resistance (i.e., low-sputtering yield) of the hard mask materials such as Ta. In
this study, it is shown that, during Ta etching by energetic COþ or Nþ ions, suboxides or subni-
trides are formed on the Ta surface, which reduces the apparent sputtering yield of Ta. It is also
shown that the sputtering yield of Ta by energetic COþ or Nþ ions has a strong dependence on the
angle of ion incidence, which suggests a correlation between the sputtering yield and the oxidation
states of Ta in the suboxide or subnitride; the higher the oxidation state of Ta, the lower is the
sputtering yield. These data account for the observed etch selectivity by CO/NH3 and CH3OH
plasmas. VC 2015 American Vacuum Society. [http://dx.doi.org/10.1116/1.4919925]
I. INTRODUCTION
Magnetoresistive random-access memory (MRAM) is
considered as one of the most promising nonvolatile mem-
ory device technologies. MRAM devices of very large-scale
integration, if realized, could replace dynamic random-
access memories of computer chips and reduce their energy
consumption significantly.1–4 As the device technologies of
MRAMs have advanced, mass-production technologies for
MRAM devices have also been extensively studied.
Currently, the miniaturization of MRAM devices is limited
by the lack of nanoscale patterning technologies for mag-
netic metals of MRAM stacks. Although ion milling has
been used for MRAM patterning, it is based on physical
sputtering and can be used only for low-density patterning
of metal surfaces because of poor selectivity against mask
materials, metal redeposition on the sidewalls, and metal
damages.
As opposed to physical sputtering, reactive ion etching
(RIE) may be used to avoid such problems by forming vola-
tile species containing the surface materials, which may ena-
ble highly dense patterning of thin films if right surface
chemical reactions forming such volatile species are avail-
able. For most semiconductor materials such as Si, RIE has
been extensively used in their micro and nanoscale pattern-
ing. Also, for magnetic metals, there have been various
attempts to devise efficient RIE processes for their small-
scale patterning. For example, etching of magnetic materials
by Cl2 based plasmas has been proposed,
5–8 but under typi-
cal conditions of chlorine etching of magnetic materials,
metal chlorides are not volatile and corrosion occurs on
etched metal surfaces.
In an attempt to generate volatile metal carbonyls such as
tetracarbonylnickel Ni(CO)4 as etch products, reactive
plasmas made from carbon monoxide and ammonium (CO/
NH3)
6,9–14 or methanol (CH3OH)
15–17 have been also pro-
posed as RIE processes for magnetic metals. It has been
shown that, with such reactive plasmas combined with hard
masks made of Ti or Ta, high etch rates and high selectivity
can be achieved. However, despite its initial attempt to gen-
erate metal carbonyls in these processes, some studies have
indicated that no metal carbonyls are generated to a signifi-
cant degree and etching takes place essentially by physical
sputtering of magnetic materials with simultaneous oxidation
or nitridation of the mask materials.10 These results infer
that the observed selectivity in a CO/NH3 or CH3OH plasma
etching process is attributed to the low sputtering yield of
the hard mask, rather than enhanced sputtering yield of mag-
netic materials.
The goal of this study is, therefore, to understand etching
characteristics of Ta, which is a common hard mask
material used in MRAM etching processes, by energetic
incidence of COþ and Nþ ions, which are common ionic
species of CO/NH3 or CH3OH plasmas. For comparison,
sputtering yields of Ta, Ta2O5, and TaN by energetic Ar
þ
ions are also obtained as functions of the incident energy in
this study. To understand faceting characteristics of a Ta
hard mask, we have also examined the sputtering yield of
Ta and the chemical compositions of beam irradiated Ta
surfaces as functions of the ion incident angle. As we shall
discuss later, there seems a correlation between the chemi-
cal compositions of the beam irradiated Ta surface and its
sputtering yield.
II. EXPERIMENTAL METHODS
In this study, a mass-selected ion beam system18–25 was
used to investigate Ta etching processes. The beam system
allows only desired ions with specified incident energy to be
injected into a sample surface. In this system, ions area)Electronic mail: hamaguch@ppl.eng.osaka-u.ac.jp
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generated in a plasma formed in the ion source and specific
ions such as Arþ, COþ, or Nþ relevant for this study are
selected by the mass analyzing magnet. Ions thus extracted
and selected are then injected into the surface of a sample set
in the ultrahigh vacuum chamber, where the gas pressure is
typically kept in the range of 108 Pa. With a rotatable sam-
ple holder, the ion incident angle can be varied from 0 (i.e.,
normal incidence) to about 75. The ion beam current is
measured by a Faraday cup. Details of this ion beam system
may be found in Ref. 25.
The sample used in each experiment of this study was a
1.5 1.5 cm2 Si substrate whose top surface is coated with
sputter-deposited Ta, Ta2O5, or TaN. Prior to Ar
þ, COþ, or
Nþ beam injection, the sample surface was cleaned by
1000 eV Arþ ion injection. The sputtering yield is defined as
the number of Ta atoms removed from the surface per ion
incidence and was evaluated from the etched depth measured
by a surface profiler (Dektak3ST) and the ion dose. To con-
vert the etched depth to the sputtering yield, we assumed that
the densities of Ta, Ta2O5, and TaN films used in our experi-
ments were 16.69, 8.73, and 14.30 g/cm3, respectively. The
ion dose used for the measurement of sputtering yields in
this study was in the range of 1 1017 to 3 1018 ions/cm2.
The chemical compositions of beam irradiated sample surfa-
ces were also analyzed with in-situ x-ray photoelectron spec-
troscopy (XPS). The ion doses used for XPS observation
were approximately 1 1017 ions/cm2, at which the etching
processes typically reached steady states.
III. EXPERIMENTAL RESULTS
A. Sputtering yields of Ta, Ta2O5, and TaN
The sputtering yields of Ta, Ta2O5, and TaN by energetic
Arþ, COþ, and Nþ ions obtained from our beam experiments
are summarized in Fig. 1. In all cases that show incident
energy dependence, the sputtering yields are found to be
nearly linear with the square root of the incident energy, as
proposed by Steinbr€uchel.26 In Fig. 1(a), where sputtering
yields of Ta, Ta2O5, and TaN by Ar
þ ions are given, the Ta
yield is shown to be higher than that of Ta2O5 or TaN, indi-
cating that the oxide or nitride of Ta has a lower sputtering
yield and therefore is more resistant against physical sputter-
ing. Differences of physical sputtering yields among these
materials are consistent with bond dissociation energies (at a
temperature of 298 K) of Ta–Ta, Ta–O, and Ta–N bonds,
which are 390 6 96, 839, and 607 6 84 kJ/mol, respec-
tively.27 In general, the higher the bond energy of a material
is, the lower its physical sputtering yield is for a given inci-
dent ion species and a given incident ion energy.
On the other hand, the Ta sputtering yields by COþ or Nþ
ions are given in Fig. 1(b), all of which are significantly
lower than their corresponding yields by Arþ ions. For
FIG. 2. (Color online) Dependence of the sputtering yields of (a) Ta and Ta2O5 by energetic Ar
þ ions and (b) Ta by energetic Nþ and COþ ions on the angle of
ion incidence, measured from the surface normal. The incident ion energy is 1000 eV.
FIG. 1. (Color online) Sputtering yields of Ta, TaN, and Ta2O5 by (a) Ar
þ ion beams and (b) Nþ and COþ ion beams at normal incidence as functions of the
incident ion energy.
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example, the sputtering yield of Ta by COþ ions is two-
order-of-magnitude lower than that by Arþ ions. As we shall
show in a moment, a suboxide or subnitride layer is simulta-
neously formed on the surface of Ta as it is etched by COþ
or Nþ ions. The formation of such a suboxide or subnitride
layer is likely to affect the sputtering yield.
B. Sputtering of Ta and Ta2O5 at oblique angles
Figure 2 shows the sputtering yields of Ta and Ta2O5 by
Arþ ions in (a) and the sputtering yields of Ta by COþ and
Nþ ions in (b) as functions of the ion incident angle,
obtained from the beam experiments. The solid curves are
the guides to the eye. The incident ion energy is 1000 eV. It
is seen that the sputtering yields of Ta by Arþ, COþ, and Nþ
ions and that of Ta2O5 by Ar
þ ions show typical and strong
dependence on the angle of incidence, similar to those of
other materials, as shown in, e.g., Ref. 28. The angle depend-
ence of the sputtering yield of Ta by COþ ions is especially
strong and, especially at around h¼ 20, it exhibits a large
gap. Details of the nature of sputtering yield of Ta by COþ
ions around this angle of incidence will be discussed in a
separate article.29
C. XPS analyses of Ta surfaces
To understand possible chemical reactions of Ta with
incident COþ and Nþ ions, we have analyzed the chemical
FIG. 4. (Color online) Decomposition of Ta 4f photoelectron spectra into different ionic states (i.e., oxidation states) of Ta. The spectra are obtained from XPS
of Ta surfaces exposed to (a) normal (h¼ 0) and (b) oblique (h¼ 60) incidence of COþ ion beams and (c) normal and (d) oblique (h¼ 60) incidence of Nþ
ion beams, with h being the angle of ion incidence. The ion incident energy is 1000 eV and the ion dose is approximately 1 1017 cm2.
FIG. 3. (Color online) Ta 4f photoelectron spectra from XPS of Ta surfaces irradiated by (a) COþ and (b) Nþ ions. The binding energies of the observed lower-
energy Ta peaks are 21.4 (clean Ta surface), 22.1 eV (COþ 60 injection), and 23.1 eV (COþ normal injection) in (a) and 22.3 eV (Nþ 60 injection) and
23.1 eV (Nþ normal injection) in (b). The ion incident energy is 1000 eV and the ion dose is approximately 1 1017 cm2.
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compositions of beam irradiated Ta surfaces by XPS. In this
study, the background spectra were subtracted by the Shirley
method and the Gaussian–Lorentzian functions with tail
modifiers were used for curve fitting.
Figure 3 illustrates the changes in photoelectron spectra
of the valence Ta 4f band of Ta films by COþ and Nþ ion
injections. Here, the ion incident energy is 1000 eV and the
angle of incident is either 0 (i.e., normal incidence) or 60.
The ion doses were in the range of 1 1017 ions/cm2. It is
seen that the spectra are shifted toward higher binding ener-
gies in both cases of COþ and Nþ ion injections. In each
case, the largest chemical shift is observed in the case of nor-
mal ion incidence, meaning that the suboxide or subnitride
layer formed on the Ta surface is closer to the normal oxide
Ta2O5 or normal nitride TaN. We also note that, in the case
of Fig. 3(a), TaC may also be formed together with the ox-
ide. However, no carbon film accumulation that would
reduce Ta signals at higher doses of COþ ions has been
observed.
Figure 4 shows that the compositions of Ta ionic states
were obtained from curve fitting to each photoelectron spec-
trum of the valence Ta 4f band. The binding energies for
Ta1þ, Ta2þ, Ta3þ/4þ, and Ta5þ have been selected to be suf-
ficiently close to the data in earlier studies.30–33 It is seen in
Figs. 4(a) and 4(b) that the tantalum suboxide formed on Ta
by COþ ions of normal incidence contains Ta having an oxi-
dation state of 5 (i.e., Ta5þ), whereas that by COþ ions of
oblique incidence contains more Ta of lower oxidation
states. Especially metallic Ta (i.e., Ta0) is seen in Fig. 4(b),
which is the signal coming from the underlying Ta metal sur-
face, implying that the suboxide film of Fig. 4(b) is thinner
than that of Fig. 4(a). Similarly, it is seen in Figs. 4(c) and
4(d) that the subnitride formed on Ta by Nþ ions of normal
incidence contains more Ta2þ than that by Nþ ions of
oblique incidence. The fact that Ta0 is seen in Fig. 4(d) also
implies that the subnitride film of Fig. 4(d) is thinner than
that of Fig. 4(c). Binding energies and percentages of oxides
and nitrides in Fig. 4 obtained from curve fitting33 are sum-
marized in Tables I and II.
IV. DISCUSSION AND CONCLUSIONS
In this study, we have shown that incidence of energetic
COþ or Nþ ions on Ta forms a suboxide or subnitride layer
on the Ta surface and there seems a correlation between the
nature of the suboxide or subnitride film and its sputtering
yield. In the measurement of the sputtering yields of Ta films
as functions of the incidence angle h, we have observed that,
in both cases of COþ and Nþ ion incidence, the sputtering
yield of Ta is higher at h¼ 60 (i.e., oblique incidence) than
that at h¼ 0 (i.e., normal incidence) and the suboxide or
subnitride formed on the Ta surface contains more Ta of
higher oxidation states in the case of normal incidence than
in the case of oblique incidence. The same XPS measure-
ments also indicate that the suboxide or subnitride film is
thicker in the case of normal incidence than in the case of
oblique incidence.
These results suggest a correlation that the higher the oxi-
dation state of Ta (i.e., integer n of Tanþ) in the oxide or
nitride film is, the lower its sputtering yield is. Especially, if
the oxidation state of Ta is maintained to be higher (i.e.,
closer to its full value þ5 for oxide and þ3 for nitride) dur-
ing the etching process by continuous supply of oxygen or
nitrogen from incident ions, the sputtering yield of the tanta-
lum oxide or nitride is smaller than that of suboxide or sub-
nitride of Ta with lower oxidation states.
In this study, we observed the relation between the sputter-
ing yield and chemical compositions of the beam irradiated
Ta surface during angle-dependent sputtering processes of Ta
by energetic COþ and Nþ ions. In these experiments, we
could not separate the effects of oxidation state of Ta and the
film thickness on the sputtering yield. For example, when
the sputtering yield is higher, the oxidation state of Ta of the
formed oxide or nitride film is lower and the film is also thin-
ner. Figure 1 indicates that the sputtering yields of both TaOx
and TaNx are lower than that of Ta and therefore TaOx and
TaNx are considered to be more sputtering resistant than Ta.
Therefore, both effects, i.e., the formation of a thicker oxide
or nitride film and the higher oxidation states of Ta in it, are
considered to contribute to the apparent low sputtering yield
of Ta by energetic COþ or Nþ ions in the case of normal inci-
dence than in the case of oblique incidence.
In summary, we have performed mass-selected ion beam
experiments to evaluate the sputtering yields of Ta by COþ
and Nþ ions and analyzed the chemical compositions of
beam irradiated Ta surfaces by XPS. It has been observed
that there seems a correlation between the sputtering yield
and the chemical nature of the suboxide or subnitride on Ta,
as discussed above. In the case of the normal incidence of
COþ ions on a Ta film, a Ta2O5 layer is formed on the Ta
film, which reduces the apparent Ta sputtering yield since
Ta2O5 is harder to be physically sputtered by incident ions
than metallic Ta. Similarly, in the case of the normal inci-
dence of Nþ ions on a Ta film, a TaN layer is formed on the
Ta film, which reduces the apparent sputtering yield of the
Ta film since TaN is harder to be physically sputtered by
incident ions than metallic Ta. Furthermore, when the angle
of incidence increases from zero to 60, the normal oxide or
TABLE I. Binding energies and percentages of oxide states in Figs. 4(a)
and 4(b).
Oxide states Ta0 Ta1þ Ta2þ Ta3þ/4þ Ta5þ
Binding energy (eV) 4f7/2 21.4 22.1 23.1 24.7 26.0
Percentage (%) Normal injection 0 18 65.9 4.7 11.4
60 deg injection 8.7 62.9 20.9 7.6 0
TABLE II. Binding energies and percentages of nitride states in Figs. 4(c)
and 4(d).
Nitride states Ta0 Ta1þ Ta2þ
Binding energy (eV) 4f7/2 21.4 22.3 23.1
Percentage (%) Normal injection 0 15.1 84.9
60 deg injection 13.4 86.6 0
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nitride formation by incident COþ or Nþ ions is impeded
and a suboxide or subnitride is formed instead. Such an
angle-dependent formation of a suboxide or subnitride
results in strong dependence of the Ta sputtering yield on the
angle of incidence, which has been also observed in this
study. Because of such strong angle dependence of the sput-
tering yield, a Ta mask typically exhibits strong faceting dur-
ing etching processes. However, the analyses of this study
suggest that, if the oxidation or nitridation of a Ta mask sur-
face is continuously promoted by some means, the mask fac-
eting during the etching process may be minimized.
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